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ABSTRACT 

In the present study, a new magnetic nanocomposite 

was synthesized with the capability to remove the dye 

pollutant from aqueous solutions. In the first step, = eg ~~ —~nu, 
magnetite nanoparticle was synthesized via the co- ™ o~ Ss . 


precipitation method and then, they were modified with a “ 
3-aminopropyltriethoxysilane (APTES) and acryloyl ot ; 
chloride, respectively. Then itaconic acid (IA) and 2- — NPS MNPe-NH: yf yr 
hydroxyethyl methacrylate were grafted on the modified oN ? 


nanoparticles via in situ copolymerization to prepare the 
final nanocomposite. The prepared nanocomposite 
was used as the adsorbent for the removal of the 
methylene blue as a typical dye from aqueous Fe;0, @PHEMAIA Ee 
solutions. According to the obtained results, the ae 
nanocomposite showed high adsorption efficiency toward the methylene blue dye within 15 minutes and the other optimized 
values are pH=11, adsorbent dosage=30 mg, and initial concentration of the dye=20 ppm. Different parameters such as pH, 
amount of adsorbent, initial concentration of the dye, and contact time were investigated and optimized. Moreover, the 
synthesized nanocomposite was characterized by different methods such as FT-IR, VSM, TGA, XRD, and FE-SEM analyses. 
The result of VSM shows that the obtained nanocomposite has a magnetic property, which eases its separation and its amount, 
which is 31.72 emu.g™. 


Fe;0, modified AC 
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1. Introduction 

In recent years, the purification and removal of pollutants from water have been a necessary concern. Among water 
pollutants, industrial dyes waste is considerable and their improper discharge into the environment has irreparable 
effects on human health and other organisms. Industrial dyes waste is a mostly carcinogenic and direct effect on 
photosynthesis [1,2]. Moreover, they are stable compounds and resistant to biodegradation and oxidative agents [3,4]. 

Different methods have been used for the removal of dye pollutants from wastewater such as biological treatment 
[5], coagulation/flocculation [6], ozone treatment [7], chemical oxidation [8], membrane filtration [9], ion exchange 
[10], photocatalytic degradation [11], and adsorption [12]. Adsorption has been introduced as an effective and 
desirable method due to its high efficiency, ease of operation, and availability of various adsorbents. Different kinds 
of adsorbents have been used such as activated carbon (AC), agriculture wastes, silicate, clay, and solid wastes from 
industry [13, 14]. Recently, magnetic recyclable materials have been considered a smart and prominent scope for 
investigators [15, 16]. 

Several magnetic species are modified and used as magnetic carriers to manufacture all sorts of magnetic 
nanocomposites, such as y-Fe2O03[17, 18], Fe3O4 [15, 19], and MFe2O4 (M=Ni, Co, Zn, and Cu)[20, 21]. Among these, 
the Fe3O4 nanoparticles (MNPs) as magnetic compounds have attracted a lot of attention due to their high surface 
area, ease of modification, and simplicity of separation [15, 22]. However, despite these advantages, the MNPs are 
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associated with deficiencies such as aggregation, oxidation in air, and instability under acidic conditions. To decrease 
the undesirable features, the bare MNPs should be embedded into a host matrix such as polymers [23]. The 
encapsulation of MNPs into polymer matrices prevents direct contact of the magnetic substance with the environment, 
improves their colloidal and chemical stability, and decreases toxicity [24]. 

Methylene blue (MB) is one of the most famous cationic dyes useful in the wool, silk, and cotton dyeing industries. 
It has a series of harmful side effects on the human body and animals such as eye irritation, vomiting, confusion, and 
sweating which requires the removal of dye before discharging to ambient waters [25-, 27]. 

In this work, a novel magnetic nano-adsorbent is synthesized by modification of bare Fe304. Then poly(2- 
hydroxyethyl methacrylate-co-itaconic acid) (PHEMA-IA) is grafted on modified Fe30x4 by in-situ copolymerization 
to synthesize the final nanocomposite. The synthesized nanocomposite is used as an adsorbent to remove the MB dye 
from aqueous solutions. Various characterization methods are employed to analyze the structure of the synthesized 
materials. In addition, the different adsorption parameters such as pH, adsorbent dosage, initial concentration of the 
dye, and contact time are investigated and optimized. Moreover, the adsorption isotherms and kinetic models are 
studied. 


2. Experimental 
2.1. Materials 
2-Hydroxyethyl methacrylate (HEMA) (>97% Merck) was distilled under reduced pressure before use. Acryloyl 
chloride (AC) (>96% Merck) was also distilled under an inert atmosphere before use. AIBN (%98 Merck) was 
recrystallized from hot methanol and kept away from light. Other chemicals and reagents such as FeCl2.4H20 (%99 
Merck), FeCl3.6H2O (%99.9 Merck), 3-aminopropyltriethoxysilane (APTES) (%98 Merck), and Itaconic acid (IA) 
(>99% Merck) were used without further purification. The dye removal process was carried out in deionized water. 


2.2. Apparatus 

The FT-IR and UV-Vis. spectra were recorded by Thermo Nicolet NEXUS 670 FTIR Fourier transform infrared 
spectrophotometer (Thermo Scientific, USA) and Agilent 8453 Diode Array UV-Vis. spectrophotometer (Agilent 
Technologies, USA), respectively. The X-ray diffraction (XRD) patterns were measured on X’Pert Pro X-ray 
photoelectron spectrometer (Netherlands) using nonmonochromated Cu Ka radiation as an excitation source. The 
measuring of the magnetic properties of the prepared samples was carried out using a vibrating sample magnetometer 
(VSM) analysis (Lakeshore Cryotronics, Westerville, OH, USA). The thermogravimetric analysis (TGA) was carried 
out (Linseis Thermal Analyzer, Germany) at a heating rate of 10°C/min under an N2 atmosphere. The field emission 
scanning electron microscopy (FE-SEM) images were obtained from MIRA3 TESCAN (Czech Republic). 


2.3. Preparation of MNPs 
The preparation of MNPs was carried out using the co-precipitation method [13, 28]. FeCl2.4H20 (2.99 g, 15.039 
mmol) and FeCl3.6H20 (5.41 g, 20.014 mmol) were dissolved in deionized water (50 mL) and the aqueous solution 
was heated at 80 °C. Then the aqueous solution of ammonium hydroxide (10 mL, 37%) was added to the above- 
prepared solution along with vigorous stirring at 80°C under an inert atmosphere. The obtained black precipitate was 
collected by an external magnet, washed several times with deionized water, and finally dried in a vacuum oven at 
50°C for 24 hours. The preparation reactions of Fe304 nanoparticles are presented as follows: 
Fe**+ 20H Fe(OH), 
Fe**+30H Fe(OH); 
Fe(OH).+Fe(OH)3—Fe304+4H,0 
The overall reaction can be written as: 
Fe?*+Fe**+8(OH) —>Fe,0,+4H,O 
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2.4. Modification of MNPs with APTES and AC 

In a 100 mL two-necked round-bottom flask equipped with a reflux condenser and inert gas inlet and outlet, 
absolute ethanol (80 mL) was added and deoxygenated using a capillary tube. Then the MNPs (1.00 g) were added 
and sonicated for 30 minutes under an inert atmosphere. Finally, APTES (2.00 mL, 8.54 mmol) was added to the flask 
and sonicated for additional 30 minutes. The mixture was then stirred for 24 hours at 50 °C. The product was separated 
by an external magnet, washed several times with diethyl ether, and dried at room temperature. 

In the next step, into a 100 mL round-bottom flask containing dichloromethane (50 mL) was added MNPs-NH2 
(1.00 g). The mixture was degassed along with sonication for 30 minutes. Then the AC (2.68 mL, 33.16mmol) and 
triethylamine (4.62 mL, 33.16 mmol) was added to the same flask and stirred for 48 h at room temperature under an 
inert atmosphere. The final product was collected by an external magnet, washed several times with fresh 
dichloromethane followed by diethyl ether, and dried at room temperature. The overall reaction is shown in Scheme 
1. 
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Scheme 1. The overall procedure for the synthesis of the Fex0s@ AC. 


2.5. Synthesis of the magnetic adsorbent (FesOs@PHEMAIA) 
To synthesize the Fe;04@PHEMAIA, the modified MNPs (1.00 g) were added into a 100 mL two-necked round- 


bottom flask equipped with a reflux condenser and inert gas inlet and outlet containing THF (40 mL) and sonicated 
for 30 minutes. Then the JA (2.00 g, 15.37 mmol) and the HEMA (1 g mL, 7.68 mmol) was added to the mixture 
followed by deoxygenating using a capillary tube. Finally, AIBN (0.056 g, 0.341 mmol) was added and the flask was 
kept under an inert atmosphere and stirred for 24 hours at 70°C. The final product was separated using an external 
magnet, washed several times with fresh THF and diethyl ether, and dried at room temperature. The synthesis route 
is shown in Scheme 2. 
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Scheme 2. The schematic presentation of nanocomposite preparation. 
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2.6. Batch adsorption experiments 
The adsorption of MB by the prepared Fe304@PHEMAIA adsorbent was measured from batch adsorption 


experiments using 10 mg of the adsorbent in 10 ppm solution of the dye (20 mL) for 60 minutes as predetermined 
values. The adsorption parameters were then optimized by varying the corresponding parameter in the following 
order: pH effect, adsorbent amount, initial concentration of the dye, and contact time. Each time the adsorbent was 
separated by an external magnet and the supernatant was centrifuged for 15 minutes at 3400 rpm, then measured by 
the UV-Vis spectrophotometer. 


3. Results and discussion 


3.1. Structural characterization 
The FT-IR spectra of the samples were shown in Figure 1. In Figure la, which is related to the bare nanoparticles, 


the strong absorption peak at 568 cm‘! belongs to the stretching vibrations of Fe-O bonds. Besides, the two 
absorption bands at 3386 and 1623 cm”! are attributed to the stretching and bending vibrations of the surface OH 
groups, respectively [13]. In spectrum b, in which the nanoparticles have been modified with the APTES, the two 
peaks at 1022 and 1104 cm" are related to Si-O-Si bonds and confirm the reaction success. Also, the stretching and 
bending vibrations of N-H bonds appeared at 3413 and 1550 cm’, respectively. Moreover, the presence of propyl 
groups is confirmed by the peak at 2924 cm, which is attributed to aliphatic C-H stretching vibrations. In Figure 
Ic, the reaction of the silylated MNPs with the acryloy] chloride has led to appear an absorption band at 1621 cm", 
which is attributed to the amidic carbonyl group. Moreover, the absorption peak at 1712 cm’ is related to esteric 
carbonyl groups obtained from the reaction of remaining hydroxy] groups with acryloyl chloride. In the final step, 
copolymerization of the HEMA and the IA on the surface of the modified MNPs has been carried out (Figure 1d). 
In this spectrum, the -COO- groups of the IA and the esteric carbonyl groups of HEMA are shown at 1590 and 1714 
cm, respectively. Besides, the aliphatic C-H bond absorption peak has been grown at 2933 cm’, showing the 
successful polymerization process. 
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Figure 1. The FT-IR spectrum of the pure Fe3Os (a), the Fe304 modified with APTES (b), the Fe3O4 modified with AC (c), and 
the Fes0s4@PHEMAIA nanocomposite (d). 


The crystallinity of the samples is identified by XRD analysis. Figure 2 shows the XRD patterns of the samples. 
The intense diffraction peaks at (20 = 30.27°, 35.63°, 43.29°, 53.64°, 57.14°, 62.73°, and 74.25°), which correspond to 
the (220), (311), (400), (422), (511), (440), and (533), indicated a cubic spinel structure of the prepared MNPs (Figure 
2a), which is matched to the standard XRD pattern of the magnetite (JCPDS card, file no. 851436) [29]. These peaks 
also appeared for the patterns of the acryloyl chloride-modified MNPs and the final adsorbent (patterns b and c), but 
the baselines have been broadened, showing the successful coating of the amorphous structures of the modifying agent 
and the copolymer, respectively. 
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Figure 2. The XRD patterns of the pure magnetite (a), the Fe304 modified with AC (b), and the FesO0s@PHEMAIA (c). 


The magnetic measurements of the samples were studied by VSM at room temperature and the results are shown in 
Figure 3. The magnetic saturation for the naked MNPs (a), the acryloyl chloride-modified MNPs (b), and the 
Fe304@PHEMAIA (c) are 80.53, 37.41, and 31.72 emu.g"'!, respectively. From these results, it can be concluded that 
the magnetization decreases by coating non-magnetic species on the MNPs from the modifying agent to the 
copolymer. This decrease is attributed to the quenching of the magnetic moment by the interplay between the layers 
and the MNPs surface[29]. However, the magnetic property of the final adsorbent was strong enough to be separated 
by an external magnet. 
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Figure 3. The magnetization curves of the pure Fe30s (a), the Fe3O4 modified with AC (b), and Fes04@PHEMAIA (c). 


Figure 4 shows the TGA thermograms of the final adsorbent. In thermogram a, a slight weight loss from 50 to 200 
°C is due to the loss of moisture[30]. As expected, bare MNPs are thermally stable and do not show any remarkable 
weight loss up to 800°C. In thermogram b, which is related to the Fes;0,@PHEMAIA, a completely different diagram 
is shown. As can be seen in this thermogram, a three-step degradation is observable. The first degradation step is 
maybe related to the disjunction of pendant groups such as COO’ and emission of CO and CO. The second degradation 
step starting from 260°C up to about 500°C is attributed to the degradation of small polymeric chains and the final 
step starting from 540°C is due to the degradation of the remaining long-chain polymers. It should be mentioned that 
according to the thermogram a, the MNPs are still stable and the remaining weight is attributed to these species. 
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Figure 4. The TGA curve of the Fe304@PHEMAIA nanocomposite. 


The surface morphology of the final sample was investigated using the FE-SEM technique. The images of the 
Fe304@PHEMAIA are depicted in Figure 5. The image of bare MNPs was investigated in our previous report [13]. 
As shown in Figure 5, the quasi-spherical shape of the MNPs is still observable with an almost attached and 
aggregated structure, due to the formation of copolymer chains around the particles. The particle size of the 
Fe30,@PHEMAIA is mainly in the range of 16 to 24 nm. 
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Figure 5. The SEM image of the synthesized nanocomposite. 


3.2. Adsorption studies 
To calculate the equilibrium adsorption capacity, the following equation (1) was used: 


q.=(Co-C.)(~) (1) 


Where qe is the equilibrium adsorption capacity (mg. g"'), and Co and C, (mg. L*!) are the initial and equilibrium 
concentrations of the dye, respectively. V (L) is the volume of the solution and m (mg) is the dosage of the adsorbent. 
The removal percentage of the dye was also calculated using the following equation (2): 


R(%)= «100 (2) 
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3.2.1. The pH effect 

Figure 6a shows the effect of the pH value on the adsorption process. As can be seen, the highest adsorption 
percentage was obtained at pH=11. Higher adsorption percentage at basic pH values may be due to the deprotonation 
of the adsorption sites and increasing the inclination of the adsorbent to interact with the cationic structure of the dye. 
The adsorption percentage reached its maximum value at pH=11 and remained constant by increasing more. 
Therefore, the optimum pH value was selected to be 11. 


3.2.2. The adsorbent dosage effect 

As shown in Figure 6b, which is related to the optimization of the adsorbent dosage, the highest adsorption 
percentage was obtained with 30 mg of the prepared adsorbent. It is well-known that by increasing the dosage of the 
adsorbent, the number of adsorption sites increases and leads to an increase in the adsorption percentage; but after the 
optimized dosage, the adsorption sites start to interact with each other and engage intra-molecular interactions. These 
interactions lead to a decrease in the number of efficient adsorption sites and subsequently, the adsorption percentage. 
From this diagram, the optimum dosage was selected to be 30 mg. 


3.2.3. The dye initial concentration effect 

The results of the initial concentration effect of dye are shown in Figure 6c. It can be seen that by increasing the 
initial concentration of the dye, the adsorption percentage increases and reaches a maximum value, then decreases. 
This decrease is due to the saturation of the adsorption sites on the adsorbent and the disability of the adsorbent to 
interact with the dye. Therefore, the maximum initial concentration of the dye in this work was 20 ppm. 


3.2.4. The contact time effect 

Figure 6d shows the adsorption percentages at different contact times. As shown in this diagram, by increasing the 
contact time up to 15 minutes, the adsorption percentage increases because the adsorbent and the dye molecules gain 
enough time to interact with each other. By increasing the contact time by more than 15 minutes, the adsorption 
percentages show rather constant values, meaning that the contact time is high enough to reach the maximum 
adsorption; therefore, after this time, no more adsorption happens. Thus, the optimum contact time was selected to be 
15 minutes. 

Briefly, the optimized values for adsorption parameters are as follows: pH=11, adsorbent dosage=30 mg, initial 
concentration of the dye=20 ppm, and contact time=15 minutes. 
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Figure 6. The Effect of pH (a), adsorbent dosage (b), initial concentration (c), and adsorption time (d) on the MB adsorption by 
the Fes04@PHEMAIA nanocomposite. 
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3.2.5. The study of adsorption isotherms 
Adsorption isothermal models were employed to understand the adsorption mechanism of the dye. The adsorption 


isotherm is one of the most useful parameters to show how the adsorbate molecules are distributed between the liquid 
phase and the solid phase. In this work, two isothermal models were used to explain the adsorption equilibrium: The 
Langmuir and Freundlich isotherms; which are briefly described in the following: 

The Langmuir model states that adsorption takes place at particular homogeneous sites into the adsorbent surface 
by monolayers with transmigration of the adsorbed molecules on the plane of the surface [31]. The following equation 
(3) describes the Langmuir isotherm: 


_ mKLCe 
© 14K, Ce G3) 


It can be converted to its linear form as follows equation (4): 


a+ (4) 


Ge KLGn In 


Where qe (mg.g™!) represents the number of the adsorbate molecule, which is adsorbed onto the surface at the 
equilibrium state; C. (mg.L"!) is the equilibrium concentration of the dye; qm is the maximum adsorption capacity 
corresponding to complete monolayer coverage, and K, (L.mg"!) is the Langmuir adsorption equilibrium constant. 
The qm and Ky values can be determined from the slope and the y-intercept of the linear plot of C./qe versus Ce, 
respectively (Figure 7a). The Ry factor, which indicates that the type of isotherm is irreversible (RL=0), favorable 
(O<Ri<1), linear (RL=1), or unfavorable (R>1), and can be determined from the following equation (5) [32] : 


Rte (5) 

Where Co (mg.L") is the initial concentration of the dye. The values are collected in Table 1. The Freundlich 
isotherm model is to describe multilayer adsorption on a heterogeneous adsorbent surface with a non-uniform 
distribution of adsorption heat. It is used to evaluation of the adsorption intensity of the adsorbent to the adsorbate and 
is assumed that the first strong and quick adsorption occurs at binding sites, which depends on the concentration of 
the adsorbate molecule in the solution. The strength of binding is decreased with the increase of occupied sites [33]. 
This isotherm is defined by the following equation (6): 


1 
q.=KpC; (6) 
The linear form can be expressed as follows in equation (7): 


logg,=-logC,+logK; (7) 

Where Kg is the Freundlich constant indicating adsorption capacity; and n is an experimental parameter related to 
the intensity of adsorption. For a favorable adsorption process, the n value should be in the range of 1-10. The n and 
Ke can be calculated from the slope and y-intercept of the linear plot of log qe versus log Ce, respectively (Figure 7b). 
All data of the adsorption isotherm study are summarized in Table 1. From this table and related R? values, it can be 
concluded that the Langmuir isotherm fitted to the experimental data more than the Freundlich model. Moreover, the 
E value shows that the type of adsorption in this work is Langmuir. 
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Figure 7. The Langmuir (a), and the Freundlich (b) adsorption isotherms for the MB adsorption onto the Fes04@PHEMAIA 
nanocomposite. 


Table 1. Parameters of isotherm models for the adsorption of MB by the adsorbent 


Isotherm Parameters MB 

Langmuir qm (mg g”!) 16.129 
Ki(L mg") 0.49679 
Ri 0.09141 

R2 0.9728 

Freundlich Kr (mg g"!) 0.0583 

N 0.489 

R? 0.7579 


3.2.6. The study of adsorption kinetics 
To study the adsorption kinetics and discuss the adsorption mechanism rate of the dye onto the prepared magnetic 


nanocomposite, two kinetic models were employed to fit the experimental data: The Lagergren pseudo-first-order and 
the Ho pseudo-second-order equations [34]. The Lagergren kinetic model discusses the adsorption proportional rate 
to the number of unoccupied sites by solutes and indicates by the following linear equation (8): 


log(q,-4,)=- = tHlog q. (8) 

Where q: and qe (mg.g"!) are the number of adsorbed dye molecules at the time ¢ (min) and the equilibrium state, 
respectively. K; (min‘!) is the pseudo-first-order adsorption kinetic constant. Both K; and qe can be achieved from the 
slope and y-intercept of log(qe-qr) versus ¢ (Figure 8a). The Ho kinetic model is based on the adsorption equilibrium 
capacity and supposes that the ownership rate for adsorption sites is proportional to the square of unoccupied sites 
number. The rate of adsorption is based on the activated sites' concentration on the surface of the adsorbent. This 


model is indicated by the following equation (9): 
t. 1 1 


fata (9) 


Where K> (g.mg™!.min‘!) is the pseudo-second-order adsorption kinetic parameter. The K>2 and qe can be achieved 
from the y-intercept and slope of the graph of (t/q:) versus t (Figure 8b). The experimental data of the two mentioned 
kinetic models are calculated and summarized in Table 2. According to the R? values from this table, it is obvious 
that the kinetic model is fitted to the pseudo-second-order model. 

Moreover, the values of normalized standard deviation (NSD%) were calculated to confirm the fitness of the 
experimental data to the kinetic models. The NSD% equation is expressed as follows equation (10): 
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Where N is related to the number of measurements, qesexp, ANd Ge,cal (mg.g!) are the experimental and calculated 
adsorption capacities at the equilibrium state, respectively. From the NSD% values shown in Table 2, it is also clear 
that the Ho model is more fitted with the experimental data, because of the lower NSD% value. 
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Figure 8. The Kinetic models of the MB adsorption onto the FesO0s@PHEMAIA nanocomposite using pseudo-first-order (a), and 
pseudo-second-order model (b). 


Table 2. Parameters of kinetic models for the adsorption of MB adsorption 
Kinetic models and parameters MB 
Pseudo-first-order model 


e.exp (mg g”) 11.826 
e.cal (mg 7!) 0.28 
Ki(min!) 0.0067 
R 0.2382 
NSD (%) 0.32 
Pseudo-second-order model 

qe.exp (mg g') 11.826 
Qe,cal (mg e!) 1.16 
Ko 121.81 
R?2 0.9999 
NSD (%) 0.407 


4. Conclusion 

In this work, a magnetic nanocomposite was successfully synthesized via modification of Fe3O4 nanoparticles to 
remove the methylene blue as a typical dye from aqueous solutions. Different adsorption parameters such as pH, 
adsorbent amount, dye initial concentration, and contact time were investigated and optimized. The results showed 
that the nanocomposite has adsorption efficiency toward the methylene blue dye within 15 minutes in pH=11, 
adsorbent dosage=30 mg, and with an initial concentration of the dye=20 ppm. The result of VSM showed that the 
obtained nanocomposite has a magnetic property, which eases its separation and its amount, which is 31.72 emu. g"!. 
Finally, the obtained nanocomposite has the ability in removing the selected dye by more than 89%. Moreover, the 
adsorption isotherms and kinetics were studied to determine the adsorption mechanism and the results showed that 
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the Langmuir isotherm best fitted to the experimental than the Freundlich model. It is also found that the Ho model is 
more fitted with the experimental data. 
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